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ABS'TRACT 
- . .  

It: -5s pro2o'sed to' present  sone . i n i t i a l  observat ions on t h e  use of elec- 
t ron  paramagnetic resonance t o  de t ec t  t h e  number of free r a d i c a l s  fo'rtiied i n  
ps lyger fc  materials due to t h e  appl icatzon of t e n s i l e  stress. B sununary of 
pe r t inen t  theoretical background, Lncluding t h e  pioneer tcork o'f Zhukkov (I) 
w i l l  ke followed by our i n l t i a l  r e s u l t s  showing the . s igna tu res  and decay 
rates obtained i n t w o  naterials, drawn XyPon and Salft:hane 113, for t h r e e  
types of' daqage t o  the specimens -- crushing, r a d i a t i o n ,  and s t r e t ch ing .  

TWIRODUCTIO~ 

For the p a s t  several months we have been.conducting a s tudy  of t h e  mtcro- 
scoplc  failure mechanism i n  po'lyr$ers using, an-e l ec t ron  paramagnetic resonance 
(EPR) spzetromcter,  
s t r e t ched  i n  tens ion ,  t h e  force f i e l d s  between (8djacenL a tons  on t h e  niicYo- 
scale wo~uld also be  Altered,  and I n  sone casesG'kufficiently sc tha t -  t h e  c h e w '  
ical bonds voald be-broken, thus  giving rise Cc free r a d i c a l s  at  t h e  broken 
chafn ends whic3 could be sense& by EPR techn&..r;ue5 soniezihat analogous t o  t h e  
b i r s f r t n g e n t  effecc which .-likewise 5s 'induced by mechanical. stress giving 

-rise to- o p t i c a l  intqrfe-rence,  The e lec t ro r  r.-.tic absorp t ion ,  which lincreases 
with increas ing  load and increas ing  f r e e  r 
t h e  spectrometer.  
ex ten t  to which q u a n t i t a t i v e  c o r r e l a t i o n  
of micrJ-f lxrs  and t h e  appl ied gross stress.! 

%hurkov first d e t i t o n s t r d l  fn IBG4 that T f  a polymer was 

La1 production, are recorded t o  

Le made between t h e  i n i t i a t i o n  
The purpose of our s t u d i e s  has been t o  i n v e s t i g a t e  t h e  

I .  

' ) I  

BACKGROUS9 IXFQTKATIO? 

The following b r i e f  desc r ip t ion  o f  3% s; .ectroscopy is 
It is bel ieved s u f f i c i e n t  , h xwmr, t o  expla in  sfuiplif fed.  

f e a t u r e s  of our  inves t iga t ion .  

purposely over- 
t he  essent ia l .  

EPR deals with systems of elementary p a r t i c l e s  which have a n e t  elec- 
Bas ica l ly ,  i c  i s  another  t y p e -  of t r o n i c  moment (unpaired e l ec t ron  sp ins) .  

absorpt ion spectroscopy -with p r l n c i p l e s  and api?l icat ions somewhat s i m i l a r  
to  those of o p t i c a l  spectroscopy. 
stood by f i r s t  considering t h e  case of a f n e  e lec t ron .  
e l ec t ron  s ? i n  is a magnetic moment given by 

Its physical b a s i s  i s  perhaps b e s t  under- 
Associated with the  

LI _I 
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ohcrc. -. g is t h e  spectroscopic sp l . i t  .ing factor ,  $ is the Bohr uaSnckor,, and 
s is  thc! sp in  vecto?.. 
energy is the Sam? f o r  both 4- and - s p i n s .  
magnetic Eiel.c\, hovevet-, Lhe energy 5s split i n t o  two Bcvels as shovn below. 

In the absence af 811 es t ecnn l  n t a p c t i c  f i e l d  the 
Uhcn subjec ted  t o  ikn e x t e r n a l  

-I  
4-112 

.. . - - 
FZdEd Strength 

I . -  

p + 

Figure 1. .Spec?roscopic Spi l l ing ,  Factor fo ' r  a Free  Elect-ron 

En Fig,ure 1, EI is the magnetic spin f i e l d  fn  gauss ,nd Xs, 5s th2 spin quan- 
tum-nmber ~EEicfi is restrlcted t o  vaEues of +1!2 an& -162. T k  populations 
od the two encrgy l e v e l s  are. g h e n  b'y Boltzniaan s t a t i s t i c s - .  An excess  of 
f r e e -  electrons wi18 resfde in tbe "gr wnd state,'P i. e ,  $Ss = - - X S L  --_- carres- 
pondfng to the lo'wet- energy 
present at frequency v such that  hv 5s equal to the energy d i f f e r e n c e  be- 
tween the twa l e v e l s  {h fs Planck's constant),  the electron can be pumpd 
t o  the higher- state. When these e l e c t r o n s  rehx  back t o  the ground; state 
g%vlng up their  energy to t h e  l a t t i ce ,  a net  energy a5sorgticm tskes place. 
The resonant  condi t ion  i s  given by 

R~uever a shouPd e l e c t r m a g n e t  ic e~=%? bc 

For a free e l e c t r o n  i n  a orie gauss field t he  resonance should occur at  
v = 2.8 niegacycies. Elost EPR work -is done a t  %band f r eqcenc ie s ,  f . e .  
approsimately lo4 nleSahcutz. The Varian E-3 e&ipmmt i n  use  a t  the Wni- 
versity of Utah which was purchased under our  RASA grant  is of this type. 
With t h i s  equipinent i t  is  possible t o  de t e rn ine  concentrations as small RS 
approximately 1O1I AH s p i n s  where A H  is the  Pine v i d t h  in gauss for a sig- 
nal  t o  noise  r a t i o  oE one. For polynteric free r a d i c a l s ,  CR is t y p i c ~ i l l y  
from 1 to 100 gauss. 



I n  very  simple tcrnls t h i s  equipment can be uscd t o  study f r a c t u r e  as 
f n  covalcnrly b'onded nater-ials the  valence e l e c t r o n s  are shared 

'in the bonded s ta te  the shared electrons are locked, how- 
follocs.  
between otoitts. 
ciber, i n t o  a given quantun s p i n  state ,  
it Bnipos,siblc f o r  these ~ A c c t r o n s  to  a11 zkZgn witb the applied magnetic 
field. 
tendency €or the  now f reed  e l e c t r o n s  to  align t h e i r  m g n e t i c  vec tg r s  wi th  
the applied field. Hence-lf a t e n s i l e  sgecfmen is p l a c e d - i n  the  - X-band 
microvavr: resonant cav i ty  and any bonds brcken as the polymer chains ex- 
tend, the f r e e  r a d i c a l s  will, i n  the presence of t he  appli.ed electromag- 
n e t i c  f i e l d ,  absorb electromagnet ic  r a d i a t i o n  of the appropr i a t e  frequency. 
A measurement of t he  spectrum of this microwavc ab: 
measure. of the free r a d i c a l s  r e s u l t i n g  Fr\lin the  LO,..^ rup tu re .  

The Pau l i  cxclusfon p r i n c i p l e  makes 

I f  tRr bond should -be b'rokcn:, e.g. during fracture,  t he re  fs a 

?,tion then g ives  a 

In more coaqAicated strvc'cures than s ingle  e l e c t r o n s ,  a a l y s i s  of the 
The shape . behavior becomes mare ccrzplicated, as well as mo're Irrtriguinz. 

o'f t h e  spectra incluait-$ such f a c t o r s  as  hyperf ine  s p l i t t f n g  sliotikd make 
ir possib8Be to, determine not oirrly how nimy bo'nds are broken bui &ich bonds. 
The electron senses  not onP$ -the presence OF the applied magnetic field 
bu t  is c&p&Ee of e l e c t r i c a l  a d  milagnetic Tnteractfon with the pmto 'ns  in! 
the nuclei and the -ePectrc.ns of the surround$ag atops. 
g5ves rise- t o  the "splitting" t h a t  'can oft& h e  u s d  t n  ident'ify the. par- 
ticular .fh radical. 
zqplicatlons cm-be found i n  ReEerences 2 thrwgh 9. 

This interaction 

Yore ejutenssve descr ipkions  of EPR, its uses ,  and 

$he study of free radical. chemSstry 2s current>p an e x t r e m l y  active 
research area and EPK s p e t t r o ~ ~ ~ p y  has become a s tandard  a n a l y t i c a l  i n s t ru -  
ment tn this Eield.67,8) $!any d i f f e r e n t  types of degradat ion processes ,  
incBudiag swLe of direct interest PIE sokid propellant ez ing ,  have'been 
inwestfgated,  Such processes ES thermal degradation, an ion ic  degradat ion,  
ultravfolct an4 x-rav frradiation, e f e c t r m  and neutron bonbardment, etc. 
have been studied q ~ B t e  extensively with EPR, 
of mechani.caE degrrdatfon [$.e* the breakips  a€ poldmeric bonds by mechan- 
;Peal processes) scms to  Ehaple been he re to fo re  completely neglected i n  t h i s  
country, 
3,burYCo9pB corresponcbz atmbsr of the USSR Academy of Sciences ( 1 , 1 0 , 1 1 ~ ~ 2 ) .  
In his study he correlated the pheromanaEog$caL d e s c r i p t i o n  of t h e  f r a c t u r e  
9f saPBds vfth microscopic studfes of bond breakage in polymecic materials. 
Be reported that: Par KYEOPL 6 the rSr te  of formation of f r e e  r a d i c e l s  is an 
exponenth1 of the applied tensile stress, 

Strangely  however, theEPR study 

The EeasibiBfty of such studPes was f i r s t  demonstrated by S. EJ. 

where c is tnc coneeneration of free t o d i c a l s , ~  B cons tan t ,  andB is t h e  
rate constant for the process. He further reporred observa t fons  that the 
Odfettme of sol ids  varfea with the a p p l i e d  tens i le  stress o and the t e m -  
perature T .w: 



where to coincides  with t h e  k x i p r o c r t l  of t?kc natural, o s c i l l a t i o n  fre- 
quency of atocs i n  s o l i d s ,  Uo is a nteasuye oE t he  s t r e n g t h  of t h e  chemiccl 
boccl, atid a is a c o e f f i c i e n t  which acccruhts fo r  t h e  o v e r s t r e s s  011 a bond 
as coiiqmrccl t o  ttic average s t r e s s  in a-specimen. This f o r n d a t i o n  is of 
great i n t e r e s t  and u t i l i t y  to both t h e  Z l k d  state  s c i e n t i s t  and t h e  
nmte r in l s  engineer .  It i m p l i e s  i; k i n e t i c  concept of f r a c t u r e  i n  which a 
bond a c t i v a t i o n  energy OF nqyi-tudt?. (U, - cro) 2.s overcorite by thermal 
osci3.latian i n  t h e  s o l i d  and the  broken bonds accumulate, a t  g iven  stress, 
ac'cording t o  a f i r s t - o r d e r  rate law. 

Zhurkov n e s t  prescntec? evidence t o  the e f f e c t  t h a t  a di rec t :  experf- 
mental conf irntatlon of this molecular vievpoint  can be  obtained through t h e  
use of EI'K techniques i n  t h e  inves tigat iaa. af nvidianical stressed polymers. 
A comparison of Equations 3 and 4 show t h a t  i f  bond breakage unambiguously 
determines t h e  f r a c t u r e  l i f e t i m e  of p o l p e r s ,  cr and 8 i n  Equations 3 atid 4 
should be equal and i n  t h a t  case a t  constant  temperature 

1 

OK 
. .  

. .. (54 dc 
dt 1 En -- = t n (cons t an i )  - !n.r 

Zhurkov reported t h a t  t h i s  r e l a t i o n  was v a l i d  f o r  Nylon 6. 

The Zhurkov forniulation is s o  clesanc srLd sweeping i n  i t s  implfcat ions 
t h a t  the au tho r s  f e l t  .it merited c a r e f u l  v e r i f i c a t i o n  and f u r t h e r  i n v e s t i -  
g a t i o n  by r e sea rche r s  i n  t h i s  country,  

SPCIWARY OF C U X R ~ N T  IKVESTIGATIOX 

As was t o  be expected t h e r e  were s e v e r a l  de l ays  i n  obtafning t h e  first 
By and l a q e  t h e s e  d i f f i c u l t i e s  are not p e r t i n e n t  he re  and a $ r i e f  da t a .  

chronology of our work to  d a t e  w l l l  be presented. 
equipment was. required.  I n  a d d i t i o n  t o  a VarPan E-3 spectrometer which is 
the h a s i c  instrument employed on t h e  p r o j e c t ,  a loading system and record- 
ing  instrumentat ion has been designee! and p a r t i a l l y  assembled. 
p l e t e d ,  t h e  loading system w i l l  be capable of constant  load,  constant  s t r a i n  
rate,  and constant  displacenent  as well as various programnied loadings.  
The equipment includes a v a r i a b l e  tenperature  c o n t r o l l e r  capable of  main- 
t a i n i n g  teinperatures froin -190°C t;o 30O0C and an osc i l l og raph  recorder  
capable of recording up t o  twelve v a r i a b l e s  simultaneously. 

F i r s t  some accessory 

When com- 

We note  f i r s t  t h a t  t he  spec t run  €or a p a r t f c u l a r  f r e e  r a d i c a l  is essen- 
t i a l l y  the sane r ega rd le s s  of t he  manner i n  which i t  is produced.. One of 
our f i r s t  t a s k s  t h e r e f a r e  was t o  compare and c a l i b r a t e  our experimental 
set-up with respect  LO o the r  t y p e s  of degradation c u r r e n t l y  reported i n  t h e  



l i t c r a t u r c .  
r ; d fca l s  prduccc? by y- irradiation.  (13- 19) \!e a l s o  c*?!id\!ctCd t e s t s  
on several dirfcrcnt  POI L-zct-ic materials subjected to Vrzrvincr, aiiiotlnts 
of i r r a d i a t i o n  froia n C o h o  soLt*cc. 
t o  the anncal ing OF thesc spcctrn a t  different temperatures. 
b c  useful. for corpclriqon (and ex t r apo la t ion  t o  zero ti-w) with t h e  f r x -  
t u r c  data. Figtit-cs 2 and 3 shew t y p i c a l  s ~ e c t r a  of i r r a d i a t e d  p o l p e r s .  

Onc or t h c .  w s !  p p l a r  ititrr-.;ts pcrLEir; . .  t o  ttic f ree  

P a r t i c u l a r  attcnl  i-m has bccn dcvotcd 
T h i s  will 

As a second type  of speclmen also origPnalky tricrt by Zhurkov, we 
have uscd a po lyse r i c  s o l i d  ground t o  a pouder. This iqechanical Freaking 
of t he  bonds w i l l  c r e a t e  f ree  r a d i c a l s ,  - a t  l e a s t  u n t i l  the  free. chain ends 
are nsu t r a l i zcd  by ather radi.cals present i n  t h e  surrcdnding environment. 
O'ne wfght espect t h i s  process t o  r e f a t e  to irradiation-produced degradat ion 
in t h a t  bolh processes woulcl be expected t o  break pol>r:cric bonds r a t h e r  
indiscriminztcly, 3. e. t he re  sIiou3cl be as  much t e n d c r q  to  sever  a s t r o n g  

:bond as a r-:c& one. . Several d l f f e r e n t  types oE po1yc:ci-s were grounJ in 
. 

various atmospheres . (air, n i t rogen ,  ~ helium, hydrogen) at both l i q u i d  ni- 
. t rogen and r3m. t m p e r a t u r e s .  The s p e c t r a  obtained frox tliese powders 
are IEOV being cor~elated-  with those obtnlned f r o a  i r r a d i a t e d  s a m p l e s .  
'The Bitetime- of. free radicals yro&u&d by gr inding was fouixj *'to ?-e nore 
h5ghHy atmosphcre an?- temperature s e n s i t i v e  than i r r a d i a t e < '  samples. 
presence of .6xygen a t '  rooa temperature r e s u l t e d  i n  a lifrtinie vhlich :;as 
on the oi-der of seconds w553.e t h e  free radical. concci t ra t ion .coufd be main- 
t a h e d  indefi n ice ly  Zn an i n e r t  atmosphere a t  JiqC.5 3 n i t r o g e n  temperature. 
Typical grinding spectra are shourr in Figures -ri*>nd 5. 

k 

The 

Next, attt-ktion was turned t o  our main o b j e c t i v e  --- i n v e s t i g a t i o n  o f  
: f r e c  r a d i c a l  fonnatio'n during t e n s i l e  loading -ta-frrctcre. Bundles of 

drawn nylon 6 f i b e r s  have been fractured a t  rooa teinperature. 
shows il spectrum which exliib-lts t h e  t y p i c a l  i nc rease  i n  f r e e  r a d i c a f s  with 
increasinrr, stress a t  approsinately constant  defornatZo:i rate. 
s t a n t - s t t x i n  ra te  tes t  the  EPR s i g n a l  grows no t i ceab ly  as deformation 
proceeds. For t he  constant load tests,, however, w e  d i d  not bbserve a mono- 
t o n i c  g r m t h  in t h e  f r e e  r a d k a l  concentrat ion as vas reported by Zhurkov. (1,121 
Ratitor; t h e  s i g n a l  tended t o  approach a s t eady- s t a t e  c o x e n t r a t i o n  v i a  what 
s e e r d  t o  be a ' f i r s t - o r d e r  k i n e t i c  process.  (Figures 6 and 7 ) .  Although. 
expcrimntal -vork and data reduct ion  from t h e s e  t es t s  i s  just beginning 
and is still i n  progress, t h e r e  appears to  bc  a s i g n i f i c a n t  d i s p a r i t y  be- 
t1i;ecn our 1:orr-i and that of 2 h u l - k ~ ~ .  

Figuse 6 

I n  a con- 

I n  p a r t i c u l a r  we f e e l  t h a t  the matter of free radical combination, 
i .e.  the r e e n m e t i o n  of broken bonds n e r i t s  nore atteri::iorr. Zhurkov's i n i -  
t i a l  constazt  stress s t u d -  caused hin t o  pustulzte-tnat (1) f r a c t u r e  i.s 
s i n s u l z r l y  dependent on bocd rupture ,  and (2) t h a t  t h i s  bond rup tu re  is 
given by a constant  r a t e ,  stress-dc?endent reletion 

attempt t o  temperatures i n  an coni x t c d  a t  different * The s t u d i e s  a r e  
dc t c ra inc  the k ine t ics  of f ree  radical  n i g r a t i o n .  
extrapo1:tirig b2ck t o  the  t i n e  of f r a c t u r e .  

This will bc  he ip ru l  in 



I n  t l l i s  c a w  LIl.:n, t Iic n i i ~ i t ~ r  of rruc rad-&-*'s ?roilucc:? by boud break-- 
age in polymers vhicli are present a t  Q I ~ Y  t>-w vould bc the tine iute.~r2?3 
aE (6) m i r u s  tho trunter which lravc dfjappclircc! or awx?led ,  t.~. i i itcrnnl 
rccont inat ion u i t h  o ~ h c r  chains or (.or.hinai:lOn t:b'-h e:,:: ~ r n a l  diffusing 
iiitpurjtics, FiSi\rc S,  which represczts the c?nncalir:g In a i r  OG t h e  frcc 
r a d i c a l  conccotrntion with t-iric! af tcr  rei;iovaI of the load ). suggests that 
the anlienling proc.ess obeys -.a first .-order k i n e t i c  process. 
then content with th3s simple. add i t ion  t o  (6)'  t he re  resu?.ts 

I f  o m  is 

in ?=*hich T is t!\c ch r? rac t c r l s t i c  annealin:! t i m e .  
test, t h i s  inoSr l  p r e d i c t s  the radical coiiccntration a t  any t i m e  to bc 

For a c o n s t m t  stress 

c 

c -- yreBG[l - e ($) 

Figure 9 which showg the ear ly  p a r t  of a free raa?ceE growth cume for a 
constant load -test, can be fit to (51) if i is taken to  be neGr 40 see- 
aids. The r e l a x a t i o n  t h e  associated with Figwrtt 8, however, is G p p ~ x -  
imately twenty times l a r g e r  than this. Even though t h i s  tkuo~aly might bo 
explainGc1 in teras o'f 1 stress-aided r e I s a t l i o n ,  sucti. a mecIxmfsn is <PP~-  
%icul:: t o  envis ion and i t-  seems more Pike1.y t h a t  t he  rePaxat&m term i n  
(7) 5s  due to some e f f e c t  other  than t h a t  observed in Figure 8. 
criticisin of t.he Zhurkov model is f u r t h e r  i l l u s t r a t e d  i n  Figure 16, in, 
which the - r a d i c a l  .-cotizcntrat-ion- tinder 'constant load is observed t o  rise 
t o  sone.peak val~te- and dccap t h c r e a f t e r .  
annealing eCEcccs, agaln forcing us :-e> Look e1set:hel-e f o r  a s a t i s f a c t o r y  
i n t e r p r e t a t i o n  of the second term i n  Ecpation (7)'. 

= 

This 

This  decay sceas due to  r a d i c a l  

Another even elore c r i t i c a l  t es t  of the Zhurkov model was undertaken. 
A r m s t ~ n t  load was applied t o  thc sanple m d  maintafncd u n t i l  t h e .  "quasi.- 
steady staterr concentrat ion vas obtained. The lczd was t k n  renoved and 
the free r a d i c a l  concentrat ion a3 lowzd t o  anneal u n t i l  no d e t e c t a b l e  EPR 
slgnal was present .  The sample vas then reloadec? t o  the o r i z i n a l  load.  
If ( 5 )  was v a l i d ,  \.:e should ob ta in  a spactrum similar i n  a l l  detai l s  t o  
t h a t  obtained with t h e  f i r s t  loading. 
was not t h e  case; few free r a d i c a l s  vere formed i n  the second a p p l i c a t i o n  
of t he  load. It would -seen, a t  least  i n  our Xylon 6 f ibers ,  t h a t  a given 
stress will break i! ccr ta!n number of bonds and t h a t  t h i s  stress must be 
increclsed i f  more bonds are t o  be broken. 

As seer, in Figure 11, however, such 

Fina l ly ,  i t  i s  appropriate  t o  remark upon sone studies which re la te  
First i t  is noted t h a t  even thoiigh Ruechc (20,21) and tc! our work. 

Busse (22) at;rcc v i t h  the senera1 fort1 of Zhurkov's 0-T r e l a t i a r l  f o r  creep 
t e s t s ,  Rartenev (23)  r e p o r t s  t h a t  isothermal creep d;.pa is b e t t e r  repre-  
sented by an equstion oC the  Eon? 

_I_- * 
s t r e s s  during londir:;. 
ment a w I  i t s  possible  Ir.:pl.€cntion is  b e i n 2  3svestigated. 

It  sl~ou3.i be notec? ttic?t Zhurkov tock e spec ia l  care t o  attain a constant  
Our t e s t s  t o  datch have no:: incorporated this rcf inc-  



Zhttrlrov tliniself reports dct*icl.tion  fro^ his U--T forraulc?lion vhich hc n l t t i b -  
utcd to Free redical  recmbination. (1)  Xntcrcstinzlg, thcse deviations 
(a tendency a t  lo-.,- stresses for thc d z l n  Lii't t o  f+.t a straight Pine o.& the 
~ - k i i r  plct)  arc the s n w  ones ultith Rartcnc.: avoids In h i s  ForfiuPatJon: he 
f o v 4  tbe dcta t o  f f t  straight l ines  311 tin-tn.r plots, 

Second, i t  appears pror.iising' to investigate a possible  corrdatisii of 
fret rad$cal accunulat ian with the ii:tEX sponsored worL being continued a t  
ttte CaS1:ornia I n s t i t u t e  of Technology e'7 Knauss. Knat4ss has been : :vefqt- 
i n g  a rupture c-riterion which coxbincz the ene?:~y-"oIz?ce approoch CI , prlor 
theories  "with ,a thcorcticag descr ipt ion .of bond 5: ehk:ge rates uad.er an ap-. 
pl i ed  stress. (24-26) He has shom that the RC r a t e  oE tncrease fn the 
fraction of bonds broken due to the storagc crf elastic encrzy sho-Ad be 

where a~ is  the  time-texpcrature shift factcir-sml 14 is  t h e  averagc stored 
enersy per unit vo~uae ,  B . _ _  a -- cCtnStaq-X -. -Ilvagadro s nur!\cr, and 6 ~ o l  tz- 
mann's constant. 
and t h e  nature of the particular polymeric material.. 
unb'roken bsonds and K2 3.s the 3unber broken a t  any time; !Iuo = NI -!- ??z is  the 
t o t a l  mmber of bonds i n  the region under ~ consideration. 

ThroS@i I-?, (10~)~ alfous fo r  the past h i s t o r y  of loadmg 
MI is  the nunibtr of 

. 

In conclusion, the autbors fee l  fbat tlic vork t o  date ,  whi.le prel ix in-  
ary i n  nature, has deflonstratcd the u t i l i L y  of the E?E method in  studying 
certain fracture inechanisfns i n  palyners. 
t i on  of our explorctory prog"m, it appears that ~1. :  technique- will.  be  of 
considerable help i t >  e:;plniiing mechanically 2nd envlronxenta! ly induced 
f racrure i n  s o l i d  p r o c l l a n t  binders. 

Pendins t h e  s a t i s i x t o r y  conplc- 
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60 Figure 2. Iiylor 6 i r - rx? ia tcd  with  20,000 rilds (C 
N i t r o p n  TernpztiXbre, t h e n  C tcrrcd Five Xinutcs a t  74'F. 
on Approxic2tcly 2 g r ~ t : s  z t  J i q u i d  Si t roeen Tsnpcraturs. 

source) e t  l i q u i d  
0 Spcctrun Taken 
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Figure 3. 
A t  Liquid  Ki tr@i;tn Tcnpera ture; Spec trun Taken a t  Liqui.G Ni t r q e n  Tempcra ture.  

Solithene 113 (50-50)  Irradiated with 180,000 Rids (C 60 Source) 
0 
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Figure 4. 
Temperaturc. 

Nylon 6--2:echanically Ground i n  X Atmosp!rere a t  Liquid ?!itroeen 2 Spcctruin Taken a t  Liquid X i  trogm Te::ipraturc. 



Figure 5 .  
Liquid Sitrosen T m p r a t u r c .  

Solithanc 113'(50-50) Ground to  Powder i n  ?e Atmosphere z t  
Spectrum T n k m  a t  LiquC.-i l!itroScn Tenperature. 
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Figure 6. 
Radicals as Load Increased. 

Drawn Kylon 6 Fibcrs During Tension Test--3.ccuaulation of Free 



:';gurc 7 .  Dram h'ylon G Fibers in Tensicn'-- Accuniulaticm of Free Radicals 
(Height of Absorption Pcal;) as a Function of Time during Constant- 
Load Tesr. 
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Figure 8. Drc?wn Nylon 6 Fibers - Decoy of Frce Radical Concentration 
with Timc aFtcr Removal of Loact. 
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Figure 10. (a) 
. (b) 

EPI: S2ectru-i of Kylon 6 Fibers sfter I,or!dino, t o  80,000 p s i .  
EPK Spectrun a f ter  Annealinz and Rclocldjri~ t o  80,000 p s i ,  


